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Electronic materials properties are determined by the interplay of many competing 
factors. Electro-magnetic fields strong enough to rival atomic interactions can disturb the 
balance between kinematic effects due to electrons hopping between lattice sites and the 
Coulomb repulsion between electrons that limits the band formation 1,2. This allows for 
new insights into quantum phases, as well as the time-scales and energies involved in using 
quantum effects for possible applications 3-7. Here we show that 0.2 V/Å ultrashort optical 
fields in the high harmonic generation regime 1 lead to a pronounced transient inter-site 
charge transfer in NiO, a prototypical correlated electron insulator. Element-specific 
transient x-ray absorption spectroscopy detects a negligible change in electron 
correlations of Ni 3d-states. This behaviour is captured by time-dependent density 
functional theory and points to a speed limit for the dynamical screening of the Coulomb 
interaction taking place above our experimental 6.9 femtoseconds optical cycle.  
 
Nickel oxide is a prototype correlated electron material, where signatures of localized atomic-
like states 8 as well as band-like dispersive electronic states 9 coexist. The localized states 
originate from Ni 3d-orbitals where the Coulomb repulsion between 3d-electrons is only weakly 
screened. The screened Coulomb interaction, often denoted “Hubbard U”, gives rise to a band-
gap of about 4 eV and is hence a necessary ingredient to be treated on the same footing as the 
kinetic energy, t, of hopping electrons in order to describe the electronic structure of NiO (see 
Fig. 1 and methods). In the seminal work by Sawatzky and Allen, it was furthermore revealed 
that the Coulomb repulsion is necessary, but not sufficient, to describe the large energy gap in 
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NiO 10. Including dynamic correlations allows an adequate description of the balance between 
kinematic effects and the Coulomb repulsion 11-13, so that the measured electronic structure of 
the valence band is reproduced by theory 14. It was shown 10 that the O 2p-states have a 
fundamental impact on optical and electrical transport properties. These states are often 
associated with the charge-transfer energy-scale, as their energetic overlap allows electron 
transfer from O 2p-states to the localized Ni 3d-states. This mechanism is also relevant for the 
so-called super-exchange mechanism (of 18 meV strength in NiO) responsible for the 
antiferromagnetic order between Ni-atoms along the Ni-O-Ni bond direction15.  
 
Here, we transiently disturb the balance between kinetic energy, t, and the screening of the local 
Coulomb interaction, U, in NiO by strong external sub-resonant optical fields (i.e. with ~0.6 eV 
photon energy significantly below the NiO band gap as described in the methods section). The 
optical field-strength was varied between 0.11 and 0.22 V/Å (see Fig. 3b) corresponding to 
optical pump fluences of 30 and 120 mJ/cm2, respectively. In this regime multi-photon 
transitions as well as Zener tunnelling between valence and conduction states are largely 
avoided (see methods). The electronic response to external electromagnetic fields of a correlated 
material is expected to be governed primarily by two effects that may occur simultaneously: a 
dynamical hopping renormalization 3,16 and a dynamic Hubbard U renormalisation 2 (see 
methods section). The former is connected to field-induced changes in the electron kinetic 
energy, modifying the hopping parameter t, while the latter involves large changes in electronic 
screening and, therefore, a dynamic modification of U. The electronic response of NiO to these 
scenarios is illustrated in Fig. 1 for O 2p- and Ni 3d-states of the occupied valence and 
unoccupied conduction bands. 
 
In the scenario dominated by the dynamical hopping renormalisation, electrons are accelerated 
along the direction of optical polarization. This results in a transient broadening of the electronic 
levels via the dynamical Franz-Keldysh effect 3,16, with valence and conduction states leaking 
into the energy gap region (Eg defined in Fig. 1a). This regime is characterised by the so-called 
Keldysh parameter (~5 in our case, see methods). In such conditions the electrons adjust non-
adiabatically to the external field, hence, remaining in a distorted valence band. Note that for a 
lower Keldysh parameter values electrons are predominantly promoted from the valence to the 
conduction band 3. Thus, the dynamical Franz-Keldysh effect signifies an apparent broadening 
of the electronic density of states with respect to its ground state 3,16, while for electronic bands 
that are narrow with respect to the field strength, features of replica bands according to the 
Wannier-Stark ladder may be visible 17. 
 
The other scenario of dynamical Hubbard U renormalization may occur when strong electron 
correlations are present. The interaction between localized Ni 3d and itinerant O 2p electrons 
screens the Hubbard U from an atomic value of 20-25 eV to 7-8 eV 18. In this scenario, strong 
electromagnetic fields can influence crystal field levels and ligand states, causing significant 
changes in screening, i.e. a renormalization of the Hubbard U to a new value  𝑈". This is 
schematically shown in Fig. 1b, where expected changes of the band-gap, as well as the splitting 
between upper and lower Hubbard bands are illustrated. Recent calculations predict that the 
local Coulomb repulsion could be modified in NiO by optical fields up to about 0.3 V/Å 
strength when the photon-energy is significantly below the band-gap 2. However, the time-scale 
and the involved screening response remains uncorroborated by experiments.  The confirmation 
of this scenario would allow for new ways of probing ultrafast interactions within a correlated 
material, and in this way impacting everything from engineering of quantum states to the 
dielectric breakdown of correlated insulators.  
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Fig. 1. NiO electronic structure and changes induced by modifying electronic parameters.  
a, Schematic density of electronic states for oxygen (blue) and nickel (green) orbitals. Valence and conduction band oxygen 
2p-states, energetically located below and above the Fermi level, show bandlike behaviour and are separated in energy by the 
band gap, Eg. Valence and conduction band 3d-states are split by the Coulomb repulsion between 3d-electrons (Hubbard U). 
They display multiplet peaks due to their localized character. b, Schematic illustration of expected changes of 2p and 3d-
states in the dynamical hopping and dynamical U dominated scenarios discussed in the text. Experimentally these changes 
are probed via x-ray induced electronic transitions into the respective conduction band states in x-ray absorption 
spectroscopy (XAS). c, Expected changes in the XAS spectra for O 1s-2p (blue framed picture) and 2p-3d (green framed 
picture) transitions modelled by adjusting the band-width (𝑡 → �̃�), and changing screening (𝑈 → 𝑈") as described in the 
methods section. Shown are the spectra in the ground state (red) and for the modified models representing the state driven by 
strong transient electric fields (black lines), as well as the differences of the two (blue lines). This enables the experimental 
verification of the two scenarios. While for the dynamical hopping dominated case the oxygen (O) XAS displays pronounced 
changes, a dynamical U dominated effect will predominantly show up in the nickel (Ni) XAS. 
 
We use transient x-ray absorption spectroscopy (XAS) performed at an x-ray free electron laser 
to distinguish between the two scenarios for NiO (see Fig. 1 and methods). If the dynamical 
hopping renormalization dominates, we expect a transient change of the O 1s-2p XAS. If the 
dynamical U renormalization dominates, we expect a respective change of the Ni 2p-3d XAS. 
Figures 2a, b show XAS spectra taken in temporal coincidence with the pump optical laser 
pulses, i.e. at zero pump-probe time-delay of Fig. 2c. It is evident that there is a laser-induced 
modification of the O 2p conduction band (Fig. 2a). However, changes of the Ni 3d-states are 
below the experimental detection limit (Fig. 2b). Before entering the discussion of time 
dependent phenomena, we note that the spectra from the static situation (red curves, marked 
“ground state” in Fig. 2a, b, are in good agreement with the calculated spectra in Fig. 1, both 
for the O 1s-2p and the Ni 2p-3d XAS. This level of agreement has been known, since the 
works of references 10,19,20. 
 
The changes visible in the O 1s-2p XAS of Fig. 2a indicate that, when the laser-pump and x-
ray-probe pulses arrive simultaneously, a spectral weight transfer takes place in the electric 
field modified conduction band away from the peaks observed for the ground state. This is 
clearly visible in the difference spectra (blue line in Fig. 2a) where the XAS peak intensity is 
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attenuated while spectral weight appears at the wings of the peak both at higher and lower x-
ray energies. Such a spectral broadening is reminiscent of the driving field cycle resolved 
dynamical Franz-Keldysh effect observed with attosecond spectroscopy in semiconductors 16 
or Wannier-Stark states in insulators 3. We note that in our experiments we do not resolve the 
spectral changes during individual cycles of the laser driving field but rather average over the 
whole driving pulse.  
 

 
 

Fig. 2. Experimental transient electronic structure changes seen with XAS.  
a, Measured XAS spectra for O 1s-2p transitions and b, for Ni 2p-3d transitions. Shown are measurements with (black lines) 
and without (red lines) the driving laser (at 120 mJ/cm2 fluence), as well as the difference (blue lines) for the laser electric 
field E||[100] (see Fig. 3). c, Temporal evolution of the changes in O (blue squares) and Ni (green circles) XAS vs. pump-
probe time-delay. The peak around zero time-delay of the O XAS represents the response shown in a and its width is 
essentially given by the temporal convolution of pump and probe pulses. After ~0.2 ps long-lasting changes to O 2p and to a 
smaller degree also Ni 3d orbitals are visible. The O XAS signal has been measured at 533.8 eV x-ray energy while the Ni 
XAS was obtained for 851.6 eV (see a and b). The inset shows a schematic view of the transfer of magnetization density 
from Ni-atoms to O-atoms, indicating the maximum size of the effect. Calculations presented in Fig. 4 indicate a total 
induced magnetic moment on oxygen atoms of up to 0.01 µB 

 
In addition to the XAS measurements, we studied the crystal orientation dependence of high-
order harmonics from NiO subjected to driving optical laser fields1 (see methods). Results are 
shown in Fig. 3a. We find that the results show maxima along cubic directions, i.e. when the 
laser field is parallel to the [100] direction. In fact, the signal along [100] is about an order of 
magnitude higher than that along [110]. This behaviour is consistent with the microscopic 
mechanism, where a highly preferential charge transfer occurs in the direction where O 2p 
orbitals are well extended and overlapped with Ni 3d orbitals 29. Because the high-harmonic 
generation process is extremely non-linear such a pronounced affect can be observed and is 
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even more pronounced with increasing order number as illustrated by the decreasing order 
width (see Fig. 3a).  
 
Consistent with the angular dependence observed for high harmonic generation we see that the 
changes in the in O 1s-2p XAS are more pronounced when the pump polarization is along the 
[100] rather than the [110] direction (see Fig. 3b). This demonstrates that it is the O 2p orbitals 
that display a pronounced directional polarizability in response to the external electric field. A 
rationale for this is the chemical bonding of NiO, where a direct overlap of Ni 3d- and O 2p-
states forms Ni-O-Ni bonds in the [100] direction. The [110] direction is rotated by 45°, so that 
the orbital overlap between Ni 3d and O 2p states is weaker. A schematic view of the orbital 
structure is depicted in Fig. 4a, a full Wannier reconstruction of the bands is available in 
references 19,21. 

 
Fig. 3. Crystal orientation dependent electronic structure changes. a, Measurements of the high-harmonic emission of the 
driving optical laser field vs. crystal angle relative to the [100] direction as schematically shown in the inset. The measured 
5th, 7th and 9th harmonics show a strong preference for E || [100] directions. The width of the angular distribution decreases 
with increasing harmonic order. b, Optical pump – XAS probe measurements as in Fig. 2a for two crystal directions as 
indicated in the insets. Show are the pump-laser fluence (bottom axis) and electric peak field (top axis) dependence of the 
pumped-unpumped difference in O 1s-2p XAS intensity measured at an x-ray energy of 533.8 eV. 

 
We modelled the dynamical hopping renormalisation response of NiO by solving the time-
dependent Schrödinger equation including the external optical field as a vector potential 𝐸'⃗ , (see 
methods). The fact that the experimentally measured response of O 2p-states dominates over 
the response of Ni 3d-states allowed us to make the simplifying assumption that U is time-
independent. Figure 4 displays the results calculated for one half-cycle of a sine wave driving 
field with duration and amplitude identical to the experimentally applied external field. Initially 
we focus on changes of the charge density at the Ni and O sites shown in Fig. 4a for two time-
steps, t1 = )

*
 and t2 = )

+
, where T is the cycle period time of 6.9 fs. The NiO charge density 

response indicates that there is a transient transfer of charge between neighbour atoms 
according to the direction of the applied electric field. It is also clear that a far larger response 
can be seen in the vicinity of O atoms compared to Ni, consistent with the experiments. An 
interpretation of these results can be found in the stronger localization of the Ni 3d states, 
enforced by the strong attractive Coulomb interaction between the positive Ni nucleus and the 
nearly localised Ni 3d electrons. The more delocalized oxygen 2p states are dominated by the 
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kinetic energy term, where 𝐸'⃗  acts more strongly and results in a larger modification of the 
electronic structure. This is consistent with a ground-state estimate of a 50% higher 
polarizability for O than Ni in NiO (see methods). 
 
We now relate the calculated changes in electron density (Fig. 4a) to the measured transient 
XAS (Figs. 2,3) by calculating the time evolution of the site-resolved electronic density of states 
(DOS) as detailed in the methods section.  Figure 4b shows the O DOS for energies close to the 
conduction band edge at times corresponding to half a cycle of 𝐸'⃗ . At the start of the optical 
cycle (t = 0 fs) the DOS increases as the conduction band edge is approached above an energy 
of E - EF ≈ 2.5 eV. However, as 𝐸'⃗  increases with time Fig. 4b shows that additional states 
appear at significantly lower energy. There are, as an example, states all the way down to 1.5 
eV at t = 2.4 fs. This clearly illustrates the band-widening expected from the dynamical Franz-
Keldysh effect 16. In addition, Fig. 4b demonstrates that the appearance of states within the 
band-gap lags behind the electric driving field. While 𝐸'⃗  reaches its maximum value at t = 1.7 
fs, the in-gap states are most pronounced around 2.4 fs. This 0.7 fs delay can be attributed to 
the contribution of dielectric polarization currents which counteract 𝐸'⃗  3,4,22. 
 

 
Fig. 4. Calculated transient electronic structure of NiO. a, Calculated charge-density difference, Dr, in real-space as a 
function of time. The colour represents the difference between the time-dependent and ground-state electron density, with the 
scale according to the colour-bar. Red indicates an increase in electron density, and blue a decrease. b, Calculated change in 
single-particle energy expectation value close to the conduction band edge, when driven with one full cycle of the pump-
pulse, as indicated by the electric field, E(t), shown as red line. The colour of the electronic density of states (DOS) serves as 
a guide to the eye and illustrates the number of states per unit energy also shown as the vertical axis. See methods for 
additional details regarding the calculations. 

 
Our joint experimental and theoretical results demonstrate that the response of NiO to strong 
sub-resonant electromagnetic fields is predominantly due to transient modifications to the 
hopping parameter consistent with a transient directional charge transfer from O to Ni. This is 
observed both as a dynamical Franz-Keldysh effect in the O1s-2p XAS and a strong directional 
anisotropy in high harmonic generation experiments, favouring conditions when the pump is 
polarized along the Ni-O-Ni bonding direction. In addition, we detect no discernible change in 
the dynamical screening of the Coulomb interaction. Thus, the optical driving field has for NiO 
the largest impact on dispersive, delocalised states. Apparently, the screening of the localised 
Ni 3d states is too slow to follow the modulation of the more dispersive states enacted by the 
optical field under the present experimental conditions. From our measurements of the 
electronic structure at times after the driving field has been switched off, we find an intriguing 
persistent modification of the NiO band-gap (see Fig. 2c). This finding has significant 
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implications for future experimental and theoretical developments, and potentially for 
technological applications.  
 
Since the Ni-O-Ni bond is responsible for mediating the super-exchange interaction that 
governs the equilibrium antiferromagnetic order in NiO 23-25, any transient modification of the 
magnetization-density around the oxygen atom, as implied by the inset of Fig. 2c, must change 
this magnetic interaction in the resulting non-equilibrium state. Equivalent modifications of the 
magnetic exchange by sub-gap excitation have been observed using all-optical pump-probe 
methods 26. Here we provide the x-ray analogue that clearly demonstrates how the electronic 
structure is modified by a directional transient charge transfer between O and Ni. Future 
measurements will be able to probe what type of possible magnetic excitation evolve on 
ultrafast timescales 27. The theoretical approach described here has potential to lead the way to 
guide and interpret such measurements. 
 
Methods 
Experimental methods 
X-ray Absorption Spectroscopy (XAS) measurements on NiO. 
The XAS spectra were measured at the SXR instrument of the Linac Coherent Light Source 
(LCLS) at SLAC National Accelerator Laboratory in Stanford/USA. The X-ray pulses with 
linear horizontal polarization were focused by a pair of Kirkpatrick-Baez mirrors and impinged 
on the sample at 70o	with	respect	to	surface resulting in an elliptical beam footprint of 400x80 
µm2. The pulse energy for 50 fs x-ray pulses was set to about 0.3 uJ and 2 uJ at oxygen and 
nickel edge respectively. This results in values of the x-ray fluence of 0.1 – 0.15 mJ/cm2 (O 1s-
2p resonance) and 0.65-0.85 mJ/cm2 (Ni 2p-3d resonance) on the sample. The spectra were 
recorded in the x-ray energy ranges of 533-538 eV and 849-861 eV for O 1s-2p and Ni 2p-3d 
core-valence resonances, respectively. XAS was detected in fluorescence yield mode with large 
area microchannel plates insensitive to the pump laser photons. The pump laser with the central 
wavelength of 2 µm (~0.6 eV photon energy) and linear horizontal polarisation from a 
synchronized femtosecond laser source was coupled collinearly to the x-ray beam. To ensure 
homogenous excitation of the probed spot the pump spot size was set to ~1 mm. Time-delay 
traces (Fig. 3) were measured at two fixed photon energies in the pre-edge regions of O and Ni 
absorption bands. The rise-time of the signal in Fig. 3, as well as overall time-resolution in the 
experiment was mainly limited by the duration of the pump pulse (~190 fs). To measure the 
spectra for the two different pump polarizations (E || [100] and E || [110] in Fig. 2b) the sample 
was rotated by 45o, while keeping the polarization of the pump and probe beams unchanged. 
This ensured unchanged pump-probe overlap and spot size in both experiments and minimizes 
the differences due to optical reflections of the pump pulse from the sample. At the highest used 
pump fluence, permanent damage of the sample occurred after 2-5 min exposure. To avoid 
degradation of spectra, the sample was moved to a fresh spot every 90 s. The characteristics of 
the pump and probe pulses are determined so as the combined intensity is below the damage 
threshold of the sample. All measurements shown here were performed at room temperature, 
i.e. below the equilibrium NiO antiferromagnetic ordering Neel temperature of 525 K, which 
is determined largely by an exchange coupling of 18 meV 28. 
 
Optical High-harmonics generation (HHG) in NiO. 
High-order harmonics were measured in the transmission geometry at normal incidence, 
independently to the XAS measurements but in similar laser conditions. The light source was 
an optical parametric amplifier (OPA, HE-TOPAS-Prime, Light Conversion) pumped by a 
Ti:sapphire amplifier system (Legend Elite Duo, Coherent) operating at a 1 kHz repetition rate. 
The idler pulse at ~2.08 µm in wavelength from the OPA was loosely focused onto the NiO 
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side of the sample. The pulse duration is around 60 fs. The area of the focal spot on the sample 
surface was estimated to be ~0.0297 cm2 from a knife edge measurement. The pulse energy was 
set at 16 µJ. The high-harmonic beam propagating along the transmission direction was 
collected by a lens and focused into the entrance slit of a spectrometer, which consisted of a 
grating-based monochromator (Acton, VM-504, grating: 300 grooves mm−1) and a charge-
coupled device (CCD, Andor DO440). Spectrally resolved high-harmonic signals emerging 
from the NiO film were recorded by the CCD. A bare MgO substrate was tested under the same 
laser fluence and only third-harmonic signal was observed 29. This confirms that the reported 
HHG signals all emerged from the NiO film. Because of the wider band-gap in MgO, it requires 
a higher fluence to produce high-harmonics that are detectable. Similarly, reported harmonics 
have photon energy below the bandgap of MgO substrate and therefore the substrate is 
transparent.  

Sample growth. 
The NiO layers used in the experiments were grown on double polished MgO(001) substrates. 
Polishing both front and back sides of the MgO substrate ensured that the XAS samples could 
also be used for HHG experiments. A 2 nm thick MgO underlayer was deposited by RF 
magnetron sputtering in 3 mTorr argon at a temperature below 100 C followed by a NiO layer 
that was deposited at 700 C in an Ar(90%)/O2(10%) gas mixture at a pressure of 3 mTorr and 
was then annealed in-situ at the same temperature (700 C) for 15 min in the same Ar-O2 gas 
mixture. In addition, 30 nm thin NiO transmission films were used for tuning the x-ray energy 
when setting up the experiment. They were grown by molecular beam epitaxy on 200 nm Si3N4 
membranes. Ni metal was evaporated in an oxygen atmosphere of 3.10-7 mbar, the substrate 
was held at 250 C, the growth rate was 1.8 Å/min. 
 
Computational methods 
Determining optimal pump characteristics 
In order to minimise the number of electrons that the pump-pulse excites to the conduction 
band, we tailor our pump pulse to minimize Zener-tunnelling and multi-photon transitions, and 
of course direct transitions. To achieve this goal, we use the so-called Keldysh-parameter,	𝛾8 , 
relating materials- and pulse-properties to estimate the regime we are operating in. The 
dynamical Franz-Keldysh effect has previously been studied in wide band-gap semiconductors, 
with 𝛾8 ≈ 3 16. Studies exploring conditions for Zener-tunnelling are also available, indicating 
a lower bound in the range of 𝛾8 ≈ 3. We ensure our pulse is slightly above this lower bound. 
Additionally, we need to keep the combined pump- and probe-pulse intensity below the damage 
threshold, while still allowing us to probe both the O 1s-2p and Ni 2p-3d resonances. The optical 
gap of NiO at room temperature is reported to be 3.4 eV-4.0eV, the reduced effective carrier 
mass of NiO is  𝑚~1𝑚>. With the conditions for 𝛾8  in mind we experimentally use a maximum 
field amplitude and photon energy of 𝐸? =0.22 V/Å and 𝜔? =0.6 eV, respectively. leading to 
𝛾8 ≈ 5, a suitable range of ponderomotive energy in relation to materials characteristics 30,31. 
 
First-principles calculations 
Conventional first principles methods based on Kohn-Sham density-functional theory in the 
semi-local approximation, e.g. GGA 32 fails to reproduce many of the features of strongly 
correlated electron materials. Nickel oxide shows signatures of localized atomic-like states as 
well as band-like electronic states with significant dispersion. To account for the weakly 
screened Coulomb repulsion between electrons of d-character, an on-site term adopted from the 
Hubbard Hamiltonian, often denoted “Hubbard U”, is included in the Hamiltonian. A U-value 
of 7-8 eV results in an appropriate band-gap of about 4 eV, which is an order of magnitude 
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larger than that predicted by pure semi-local DFT. Our calculations aim to reproduce the 
behaviour of NiO below the Néel temperature, and is thus anti-ferromagnetically ordered 33. 
 
To support our experimental data and to interpret our results, we use different flavours of the 
DFT+U Hamiltonian to describe the system, according to the sub-sections below. 
 
X-ray absorption spectroscopy calculations for NiO 
The XAS spectra of the Ni L-edge in Figure 1 are obtained from a multi-configurational 
approach based on density-functional theory combined with multiplet ligand field theory 19,20 
for the Ni 3d states, using the parameters from Ref. 20. The presence of the core-hole of the 2p 
shell and its non-trivial coupling to the valence electrons is explicitly included in the 
calculations, as implemented in a full-potential, linear muffin-tin orbitals method (RSPt) 34. 
Figure 1c shows a qualitative estimate of how the XAS spectra are modified in the presence of 
a strong dynamical screening of U (𝑈 → 𝑈"). This was modelled by reducing the effective U 
from 6.9 eV to 6.2 eV, which also modifies the double counting correction from 100.2 eV 
to 94.6 eV. To estimate the effect of a modulated hopping term (𝑡 → �̃�)  on the XAS of the O 
1s-2p transitions, we performed calculations of NiO in the AFM ordered phase using the 
APW+lo software Elk 35. The band-broadening was induced by compressing the lattice 1% 
from the equilibrium geometry. Further, the maximum number of plane-waves to include in the 
basis was determined by setting the maximum |G + k| · RMT to 8, where RMT is the average 
radius of the augmentation muffin tins, G is a reciprocal lattice vector, and k a crystal 
momentum within the first Brillouin zone. The full Brillouin-zone was sampled by 123 k-points 
in order to perform integrations. Similar settings where used to calculate the band-structure and 
band-character of NiO. The muffin-tin radius was varied in order to estimate the gradient of 
oxygen to nickel character on the interstitial states.  
 
Polarizability  
The polarizabilities 𝛼 of Ni and O where estimated in GGA+U using the VASP software 36,37. 
Here, the atomic polarizabilities are scaled according to how the atomic charge is rearranged in 
the solid according to an iterative scheme based on Hirshfeld partitioning of the self-consistent 
charge-density 38,39.  
 
Time-dependent density response and density of states 
The implementation of time-dependent density-functional theory used to determine the 
transient changes in charge density and density of state, as shown in figure 3, is based on an 
extension of the Siesta software 40, as described in Kolesov et al. 41. Further, the vector potential 
and coupling to macroscopic fields are implemented according to Bertsch et al 42. The external 
field is included in the Coulomb-gauge, as a vector potential of 𝐴(𝑡) = −𝐸?''''⃗ ∫ sin(𝜔𝑡′) 𝑑𝑡′L

LM
 , 

where 𝐸?''''⃗ = 0.2 V/Å in the [100] direction, T = 6.9 fs and 𝜔 = 0.6	𝑒𝑉.	 The basis set consists 
of numerical atom-centred double-Zeta + polarization orbitals.  Grid integrals are performed on 
an equidistant mesh with a 120 Ry cut-off. The real-time propagation is performed in time-
steps of 6.05 atto-seconds. The local magnetic moment and charge transfer is extracted from 
Mulliken charges associates with the atom-centred orbitals. Indicating that the majority of 
charge transfer is associated with O 2px and Ni 4s states. The time-evolved density of states is 
calculated as the sum of expectation values of the time-evolved wave-functions, i.e. ϵU(𝑡) =
〈𝜙U(𝑡)|𝐻(𝑡)|𝜙U(𝑡)〉, represented with a gaussian broadening of 0.3 eV. The exchange and 
correlation were treated within the generalized gradient + Hubbard U approximation (GGA+U) 
32,43. The effective U is set to 7 eV, reproducing the experimental band-gap of 4 eV. In our 
calculation we keep the effective U fixed. When allowing for a dynamical response of U as an 
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adiabatic functional of the density matrix (no retardation/memory effects in the functional), one 
sees pronounced changes of U and thus the electronic structure involving also bands of 
primarily Ni 3d-character. This is contrary to the experimental findings under the pump-
characteristics we have considered here. This points in turn to the importance of developing the 
theory for real-time dynamics of strongly correlated materials further, beyond the adiabatic 
treatment of screening for first principles non-equilibrium dynamics 44. 
 
Visualizations are made in Vesta 45, and using python/matplotlib 46. 
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